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ABSTRACT
We succeeded in powerful noncontact actuation of
magnetically driven microtool (MMT) by magnetizing it and
focusing magnetic field in a microfluidic chip. Novelty of
this paper is summarized as follows. (1) We employed
neodium powder as the main component of MMT. The
density of magnetic flux was improved about 100 times
larger after magnetization. (2) We fabricated a pair of
magnetic sharp needles in the chip by electroplating. MMT
was placed between the needles and the density of magnetic
flux was improved about 3 times larger. As a result, we
succeeded in powerful actuation ofMVT in the chip. Drive
frequency was improved about 10 times faster (up to 180Hz).
INTRODUCTION
Sorting of microparticles in microchannels offers great
potential in biology, chemistry, and environmental analysis.
For example, cell sorters, which are based on flow cytometry,
can sort cells in a continuous cell-laden flow, and can collect
the sorted cells in cell suspensions [1]. Cell sorting is
generally performed either electrically (by charging cells) or
by mechanically moving the receiving dishes after a shot of
laser light. The laser pulse is controlled such that a single cell
is placed in a single droplet by thrusting the diluted cell
suspension into an air phase. However, because this system
tends to be large and expensive, a low-cost cell sorter has
been developed on a microchip. There are many methods of
microscale cell sorting, such as dielectrophoretic sorting
[2]-[3], laser trap [4], magnetic isolation, and switching in
microfluidic channels using microvalves [5]. It is necessary
to design the system to fit the characteristics of the sorting
object (e.g., size), the condition of the carrier liquid, and the
sorting speed.
The most popular microactuators that can be applied in
the confined space of microchannels are electrostatic
microactuators, optical tweezers [6], and magnetic
microactuators [7]. The Coulomb force has been often used
in manipulating cells of the order of 10 ,um, whereas it is
necessary to apply a high voltage to manipulate particles of
the order of 100 ,um, which risks damaging cells such as
oocyte by heat generation. The dielectrophoretic force can be
adjusted by varying the squared value of the gradient of the
electrical field; however, it is controllable only in the limited
region adjacent to the electrodes, and requires higher
voltages to sort larger objects. Optical tweezers can
manipulate cells indirectly by non-contact actuation of
microtools, thus reducing the risk of damaging cells during
manipulation; however, the generated force is of the order of
several pN, which is not suitable for manipulating cells ofthe
order of 100 ,um. On the other hand, the magnetic sorting
offers a limited risk of cell contamination and it has been
used in many studies because of its low cost [8]-[10].
We had developed magnetically driven microtools
(MMT) in a previous research [11], [12], [13]. The basic
concept of MMT was proposed in 2004 for noncontact
manipulation of microscopic particles such as oocytes, cells
and microbeads [11]. Then we developed polymer based
MMT with magnetite powder by photolithography technique.
This technique provides many microchannel functions, such
as those of a valve, stirrer, and loader [12]-[13]. The
developed MMT is flexible and biocompatible, and can be
applied to cell sorting applications where there is a risk of
contamination, by fabricating the microchannel out of a
disposable material. It is particularly important to note that it
can sort relatively large particles (of the order of 100 ,um).
In developing the MMT, we especially focused on
investigating a small actuation module to integrate many
functions in the limited area on chip. First prototype
developed is shown in Figure 1 (a). Permanent magnets have
been reported to have significant advantages in miniaturizing
systems effectively [7]. To actuate the soft magnetic MMT,
our system has drive unit and permanent magnet unit to
downsize the electromagnetic coil (drive unit). We used a
permanent magnet that operated indirectly, and were able to
downsize the drive unit significantly. The system consists of
two modules - an upper module containing a disposable
microchannel and a lower actuation module. The density of
magnetic flux generated by the electromagnetic coil is
amplified by the permanent magnet unit mounted between
the microchannel and the magnetic circuit, and the MMT is
moved by non-contact actuation. However the maximum
actuation frequency of MMT was limited to about 18 Hz,
because of the size of permanent magnet is significantly
larger than MMT. Also, fluid resistance was remarkable in
water and the power for actuation was not enough to exceed
the measurement speed (30 fps).
For the current study, we solved these problems by
focusing magnetic field of drive unit as shown in Figure 1 (b).
To integrate ofMMT and to obtain powerful actuation, we
fabricated magnetized MMT using composite ofneodymium
powder and PDMS. Also, we fabricated magnetic needles in
a chip to focus density of magnetic flux. The magnetized
MMT was installed between them (Figure 2(a)).
Figure 2(b) shows concept image of sorting method and
an actuation module. The direction of the current in the coil
of the magnetic circuit can be switched to reverse the
electromagnet's polarity, and the density of magnetic flux
generated by the electromagnetic coil is focused by the
magnetic needles fabricated in a chip, and the MMT is
moved by non-contact actuation. Table 1 summarized the
classifications of the MMTs. A permanent magnet unit was
used to support the small magnetic power of the magnetite
particles of MMT. The maximum actuation frequency of
MMT was rate-limiting by the motion of permanent magnet.
However the most effective interaction between MVT and
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the magnetic field can be obtained for the case of A-3 and
B-2 in Table 1[7]. Therefore, the powder of permanent
magnet was used to produce MMT, and MMT has also
magnetized sufficiently to have the magnetic poles for the
present work. Finally, with such a developed system,
automating the sorting of different sizes of copolymer beads
was completed using a real-time image processing system.
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Figure 1: Schematic ofexperimental setup.
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Figure 2: Concept and principle of actuation
method ofMMT sorting biochip.
PRODUCTION OF MMT
Figure 3(a) shows the fabrication process of the MMT,
which may be summarized as follows: (1) pattern SU-8 over
the silicon substrate, and an MMT mold was produced by
photolithography, (2) a mixture of PDMS and neodium
(Nd2FeI4B, 50 wt%) was spread over the patterned mold and
baked on a hotplate (100°C, 15 min), (3) the layer ofPDMS
was spincoated over (2) and baked it in an oven (90°C, 10
min), (4),(5) separate MMT from the mold with PDMS, and
peel MMT from PDMS, and (6) magnetize MMT. The
surface ofMMT was Teflon coated with CF4 gas by plasma
ashing method (Dischage Power: 130 W) for 30 minutes to
avoid any stiction in microchannels. The use of magnetic
powder in polymer has a great advantage for arbitral shape of
fabrication. The baked PDMS (the catalyst was evaporated)
is biocompatible and this is widely used as a material of
biochip. In case of ferromagnetic materials, it is difficult to
fabricate fine and complicated shape. To manipulate cells,
the shapes of actuator tend to be complicated for the accurate
manipulations with protecting the sensitive material of cell.
(The current shape of sorter MMT is not much complicated,
however MMT itself has ability to fabricate more
complicated shape and functions.)
Figure 3(b) shows the fabrication process of the
magnetic needles, which may be summarized as follows: (1)
sputter Cr/Au on a piece of cover glass, (2) pattern
photoresist (OFPR800) and etched Cr/Au, (3) remove OFPR
and pattern KMPR1O50, (4) electro plated Ni, (5) remove
KMPR1O50 in a stripper liquid (Remover PG), and (6)
assemble MMT into PDMS (micro-channel), and bond the
cover glass together.
Table 1: Classification ofdriving method ofMMT
Classifications Characteristics
A. Control Method of Magnetic Field
Magnetic poles and
1.Fixed Electromagnet magnetic field are1.Fixed Electromagnet controlled by the electric
magnets
1. 1 Switching the magnetic pole ON/OFF type
1.2 Distribution of the magnetic field Continuous type
Control the position ofthe
electric magnet by an
actuator and control the
2. Move of Electromagnet magnetic pole and
magnetic field.
(piezoelectric, AC/DC motor,
etc..)
Control the position ofthe
permanent magnet by an
actuator and control the
3. Move of Permanent magnet magnetic pole and
magnetic field.
(piezoelectric, electromagnet,
AC/DC motor, etc....)
B. Magnetic Characteristics ofMMT
1. VR-type Use materials with a high1. VR-type magnetic permeability
2. PM-type Use a permanent magnet
C. Degree of Freedom
lDOF x, (y, z) - lateral Continuous, ON/OFF
lDOF rotation Continuous, step
2DOF xy-lateral, lateral + rotation Continuous, ON/OFF, step
Multi-degree of Freedom Continuous, ON/OFF, step
OPERATION OF MMT
Figure 4(a) shows the operation of the MMT using the
actuation module. The needles are made by Ni electroplating.
Images were captured by a CCD camera attached to an
optical microscope. The depth of the channel was 200 ,um
and the height ofMMT was 150 ptm. The MMT was installed
in the microchannel of the PDMS chip before the bonding
between the cover glass and the PDMS chip. We applied 2.83
V and 0.15 A on the electromagnetic coils and the MMT was
actuated at about 180 Hz (the velocity of edge of the MMT:
13.5 mm/s) in ethanol. It was confirmed that MIT was able
to sort micro-particle of about 100 ,um, and the edge of the
MMT can be used to switch the microchannel. Drive
frequency was improved about 10 times faster than previous
work [14]. Figure 4(b) shows the outlook of sorting chip
fabricated by the processes shown in Figure 3.
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Production ofMMT
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particle composite
3. Spincoat PDMS
PDMS
.. . .
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5. Peeling MMT from PDMS
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Completed MMT
Production of Microchannel
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OFPR800
3. Remove OFPR
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5. Remove KMPR
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PDMS
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Figure 3: Process flow ofMMT and microchannel
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Figure 5: Density ofmagneticflux near the MMT
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Figure 4: (a) Operation of sorting MMT and
(b) Outlook ofsorting chip
FEM ANALYSIS OF THE MAGNETIC FLUX
The distribution of density of magnetic flux near the
MMT was calculated by FEM analysis software (COMSOL)
and shown in Figure 5. The total number of turns of
electromagnetic coil was 500 times, and the electric current
of the coil was 0.12 A. Figure 5(a) shows a condition without
magnetic needles, and (b) shows a condition with it to focus
density of magnetic flux. It is evident that the magnetic flux
was focused by magnetic needles fabricated in the chip,
where the magnetic flux increased remarkably.
Figure 6 shows profiles of density of magnetic flux
along x direction near the MMT (where y=2.25x 10-3 [m]) of
a case with magnetic needles. In case of the condition with
needles, the density of magnetic flux at the position ofMMT
became about 2.7 times ofthe one without needles. It is clear
to see that magnetic field is focused at the center of the
needles.
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Figure 6: Profiles ofdensity ofmagneticflux.
DETECTION AND SEPARATION BY
IMAGE PROCESSING
We demonstrated separation of copolymer beads in a
chip, and beads of certain size are separated successfully
(Figure 7). The sorting speed was 1 particles/ sec, which will
be improved by sensor.
The procedures of the detection and separation are
summarized as follows; the sensing system was calibrated
using an image of representative sorting particles. The
particles can then be sorted at a threshold, based on the
results of the calculation of the coefficient of correlation
between the CCD image data and the sample image data. A
sensing area is then defined in the CCD image at the
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measurement. Then, the particle was detected and sorted by
a result of correlation between the CCD image and the
representative sorting particle one. A current, amplified by a
power amplifier, is used to change the magnetic polarity of
the electromagnet coil and the output of a D/A (Digital to
Analogue) circuit is varied. This process was controlled by
the results of image processing in the sensing area. We
applied it to sort copolymer beads in a chip. The bead was
successfully transported to the left microchannel by moving
the MMT to the right wall of the microchannel. The
maximum sorting rate for the current experiment was up to
15 Hz which was restricted by the image capturing system
(Figure 8).
200O~tm K r
Figure 7: Operation ofsorting MMT.
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Figure 8: Demonstration ofautomatic sorting system.
CONCLUSIONS
We succeeded in powerful noncontact actuation of
magnetically driven microtool (MMT) by magnetizing it and
focusing magnetic field in a microfluidic chip. The density of
magnetic flux was improved about 100 times larger after
magnetization. We applied 2.83 V and 0.15 A on the
electromagnetic coils and the maximum actuation speed of
MMT was achieved up to 180 Hz (the velocity of edge of the
MMT: 13.5 mm/s) in ethanol. We demonstrated separation of
copolymer beads in a chip by image sensing, and beads of
certain size are separated successfully
Proposed magnetic actuation method can be applied to
install robotic components in a chip. This will lead us to
develop a novel research field on "Robotics on a Chip".
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